This study examined the local structural and optical properties of ZnO nanoparticles (NPs) with mean diameters of 4.5 and 70 nm using extended X-ray absorption fine structure (EXAFS) measurements at the Zn K edge and photoluminescence (PL) measurements. EXAFS revealed that the average bond length of atomic pairs in the NPs was shorter than that of the powder. Furthermore, a substantial amount of structural disorder existed in the NPs. From the PL measurements, we observed the direct band gap peak of 3.41 eV from the 70 nm ZnO NPs at low temperatures. This blue shift was related to the structural property changes.
INTRODUCTION
ZnO nanostructures have been studied extensively for possible practical applications to nanometer-scale electronics and photonics including transistors, gas sensors, light emitting diodes (LEDs), ultra-violet (UV) sensors, piezoelectric applications, biosensors, and field emission devices. Recently, researchers have paid considerable attention to ZnO nanoparticles for their quantum confinement effects. Many studies reported observations of a quantum confinement effect of ZnO nanoparticles (NPs) [1] [2] [3] [4] and nanowires 5 using photoluminescence (PL) and Raman scattering measurements. The previous studies reported that the ZnO free exciton recombination peak was shifted from 3.3 eV to ∼3.4 eV at low temperatures, as the ZnO NPs reduced to a few nanometers. This blue shift was attributed to the quantum confinement effect. However, the particle size was still much larger than the Bohr radius of ZnO, which is approximately 1.5 nm. The blue shift was even observed from the ZnO nanoparticles (NPs) with a mean diameter of more than 10 nm. 3 4 The blue shift could be attributed to a structural change because the energy band gap can be engineered by controlling the lattice constants of crystals.
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This study compared the local structural and the optical properties of NPs. Field-emission tunneling electron microscopy (FE-TEM) is used to observe the atomic arrangement in certain areas. However, it has limited resolution and cannot detect a small amount of lattice distortion. X-ray diffraction (XRD) is a powerful tool for investigating the structures of crystalline materials but has limitations when examining nanomaterials due to a small number of scattering sources. Extended X-ray absorption fine structure (EXAFS) can reveal the bond lengths, the disorder of the bond lengths from a probe atom, the coordination numbers, and the species of the atoms. 9 Therefore, EXAFS was used to quantify the local structural properties of ZnO NPs with an average particle size of 4.5 and 70 nm.
EXPERIMENTAL DETAILS
ZnO NPs, with two different sizes as shown in Figure 1 , were fabricated with a solution process. 10 NPs were dried on slide glass for the various measurements. The XRD measurements were performed using Cu K 1 radiation in air. The EXAFS measurements of the commercial ZnO powder with a maximum size of 25 m and the NPs at the Zn K edge (9659 eV) were performed with transmission and fluorescence modes by selecting incident X-ray energy with a three-quarters tuned Si(111) double monochromator at MB beamline of PNC-CAT at Advanced Photon Source, Argonne National Laboratory and at 3C1 beamline of Pohang Light Source. A 13-element solid-state detector was used to eliminate background noise, and the data was taken at 40 K to minimize the atomic thermal vibrations. The average diameters of the NPs are much smaller than the one absorption length of X-ray at Zn K edge, suggesting that the X-ray selfabsorption for the NPs was negligible. The PL measurements were performed with a He-Cd laser ( = 325 nm) and an f = 0 85 double monochromator with a liquid N 2 -cooled, front-illuminated charge coupled device detector at 5-300 K.
RESULTS AND DISCUSSION
The high resolution FE-TEM measurements demonstrate that the NPs have a very uniform size with a mean diameter of 4.5 nm, as shown in Figures 1(a and b) . The FE-TEM analysis reveals that the NPs are a well-ordered structure with an average atomic distance of 3.2 Å, which corresponds to the bond length of the Zn-Zn or O-O pairs in wurtzite (WZ) structured ZnO crystals. The mean particle size of 70 nm was determined by using field-emission scanning electron microscopy (FE-SEM) measurements as shown in Figure 1 (c). The XRD measurements for the 70 nm NPs revealed the NPs to have a WZ structure with lattice constants of a = b = 3 24 ± 0 05 Å and c = 5 23 ± 0 05 Å, as shown in Figure 2 . From the full-width at half maximum (FWHM) of the XRD peaks, structural residual strains for a and c were determined to be about 0.07 Å and 0.09 Å, respectively, counting the particle size of 70 nm. 11 The XRD implied that a large amount of structural disorder existed in 70 nm ZnO NPs. We did not observe any XRD peak from the 4.5 nm NPs because there were insufficient amounts of scattering sources in the NPs. Figure 3(a) shows the X-ray absorption coefficients of the three ZnO specimens near the Zn K edge. The X-ray absorption near edge structure (XANES) from the three specimens was dramatically diminished as the particle was reduced in size to nanometers. Since the chemical valence state of the Zn atoms with the particle size was not expected to be changed, the XANES change was likely affected by the change of structural properties. The local structural properties of the ZnO NPs were determined by the EXAFS measurements. The X-ray absorption coefficient is contributed by the X-ray absorbing atoms, and the neighboring atoms, as E = 0 E 1 − E , where 0 E is the X-ray absorption coefficient of an X-ray absorbing atom and E , EXAFS, is the oscillating parts above the absorption edge due to the neighboring atoms around the X-ray absorbing atom. After 0 is determined, was extracted from the measured data, as shown in Figure 3(b) . Figure 4 demonstrated the magnitude of Fouriertransformed EXAFS data. The EXAFS data were analyzed with the UWXAFS package 12 and standard procedures. 13 The EXAFS data were fitted to the theoretical EXAFS calculation, 14 as shown in Figure 4 . In the fits, the coordination number, the bond lengths, and the Debye-Waller factors ( 2 , including thermal vibration and static disorder) of Zn-O and Zn-Zn pairs were varied. The details (8) of the EXAFS data fit to a distorted structure were published elsewhere. 9 13 15 The best fit results are summarized in Table I .
The fits of the first and second peaks in Figures 4(b  and c) show that there was approximately 30% of the vacancies in both oxygen and zinc sites of the 4.5 nm NPs while no vacancy was observed in neither oxygen nor zinc site of the 70 nm NPs. The vacancies could spread randomly throughout the entire NPs, and the location can also be due to a boundaries. With a simple model calculation, 15 the number ratio of surface atoms to total atoms is predicted to be approximately 37% and 3% for 4.5 and 70 nm NPs, respectively. This prediction and the EXAFS suggested that the vacancies of the 4.5 nm NPs were mostly located at the boundary.
The bond lengths of the Zn-O pairs in the 4.5 nm NPs were nearly the same in all directions. The bond lengths of Zn-Zn pairs in the NPs were shorter than that of the ZnO powder, particularly, in the Zn-Zn(1) pairs. The average volume of both NPs was estimated to be approximately 92% of the ZnO powder. The 2 value of the Zn-O pairs in the ZnO NPs was about twice as large as that of the powder. For the Zn-Zn pairs, the 2 values of the NPs were several times larger than that of the powder, suggesting that there was significant structural disorder in the Z-Zn pairs of the NPs. Figure 5 demonstrates temperature-dependent PL spectra from the 70 nm NPs. The PL spectra demonstrate strong near-band edge emission and a weak but visible emission near 2.3 eV due to defects from the NPs. The PL spectrum at low temperatures exhibited two distinct emission peaks at 3.35 and 3.41 eV. No recombination peak was observed from the 4.5 nm NPs due to a substantial amount of disorder. The direct band gap peak was observed at 3.29 eV from ZnO powder, as shown in the inset of Figure 5 . It should be noted that the mean diameter of 70 nm is much larger than the ZnO Bohr radius of 1.5 nm.
Based on EXAFS analysis, the average bond lengths of the atomic pairs, particularly Zn-Zn pairs in the 70 nm NPs, were shorter than those of the ZnO powder. Previous PL studies of II-VI semiconductors, including ZnO-based materials [6] [7] [8] and ZnTe-based materials, [16] [17] [18] the band gap of the systems was reduced or expanded by alloying an impurity. When these short lattice constants in the NPs were compared with previous ZnMgO systems, 6 7 the blue shift of the 70 nm ZnO NPs can be explained by structural distortion in the NPs alone instead of by the quantum confinement effect.
CONCLUSION
The local structural and the optical properties of ZnO NPs with the diameters of 4.5 and 70 nm were investigated using EXAFS and PL measurements. The EXAFS analysis revealed that the average volume of the ZnO NPs was only 92% of ZnO powder. Furthermore, ZnO NPs had significant amounts of structural disorder in atomic pairs, particularly Zn-Zn pairs. The direct band gap peak of 70 nm ZnO NPs was shifted by ∼0.12 eV toward a higher energy. This blue shift could be caused by the structural distortion of the NPs.
